The trans-»eis photoisomerization of a series of substituted stilbazolium salts (A t + X -, A t + : trans-l-alkyl-4-[4-R-styryl]-pyridinium and -quinolinium, R = CN. H, CH 3 and OCH 3 , X"=T and CIO4) was studied by laser flash photolysis and steady state irradiation measurements. The quantum yields of eis ^ trans photoisomerization (<£ c _ t and $ t _ c ) and of fluorescence of the trans isomers (</> f ) were determined in several solvents at room temperature and at low temperatures in mixtures of either 2-methyltetrahydrofuran-dichloromethane or ethanolmethanol (E-M). In polar solvents at room temperature <£ t _ c is substantial (S 0.3) and </ > f is small (10 _3 -10~2). Competition of fluorescence and an activated step in the trans-»eis pathway is indicated by the effects of temperature on (f) { and </> t _ c (activation energy: 2-3 kcal/mol). A transient, observed only at low temperatures (lifetime i T > 0.5 ms in E-M below -170°C), is assigned to the lowest triplet state with trans configuration. On the basis of the effects of temperature on (/> f , </> t _> c , r T , and the triplet yield and those of quenchers on </ > f and </> t _ c , involvement of the triplet state in the twisting process at room temperature is excluded. Therefore, a singlet mechanism is suggested for the trans-»•cis photoisomerization of the stilbazolium salts examined. Significant reduction of </> t _ c for iodides in solvents of moderate polarity, where ion pairs are present, is accounted for by photoinduced electron transfer in competition to trans -»• cis photoisomerization.
Introduction
Styrylpyridines have attracted considerable interest as simple heterocyclic model compounds showing cis trans photoisomerization [2] [3] [4] [5] [6] , Quaternization may change the photophysical and photochemical features of the azastilbenes due to the introduction of a positive charge into the molecule. Some effects of the positive charge on the properties of the ground state and the excited states of the isomers have been studied for stilbazolium betaines [7] [8] [9] , quaternary salts of bipyridylethylenes [10] , and stilbazolium salts [11 -20] . For quaternary iodides of 4-nitro-4'-azastilbenes and their quinolinium analogues it has recently been suggested that photoinduced electron transfer competes with trans -> cis photoisomerization [19] . The electron transfer process occurs either in the triplet state, which is quenched by an amine or an anion (I~ or SCN~), or in the excited singlet state of the [14] . It is well known that pyridinium and quinolinium salts are sensitive to the nature of the solvent [21] [22] [23] [24] . Kosower et al. have documented that the maximum of the CT absorption band of 1-ethyl-4-carbomethoxypyridinium iodide is a useful measure of the solvent polarity (Z-value) [21, 22] , Another frequently used measure for the solvent polarity is a second pyridinium derivative, Dimroth's betaine: 4-(2,4,6-triphenylpyridinium)-2,6-diphenylphenoxid [23] . Whether or not photoinduced electron transfer competes with trans cis photoisomerization of a stilbazolium salt depends not only on the solvent polarity, but also on the properties of the electron donor and on the lifetimes of the excited states involved. Information therefore is needed about the primary decay processes which are significantly influenced by the substituent of the quaternary salts of azastilbenes; for example, trans -• cis photoisomerization changes from a 0340-4811 / 85 / 0500-539 $ 01.30/0. -Please order a reprint rather than making your own copy. singlet to a triplet mechanism if the cyano group in 4-position is replaced by the nitro group [17] , In this paper, we have studied some photophysical and photochemical properties of a series of quaternary salts of styrylpyridinium and -quinolinium (type P and Q, respectively), which are either unsubstituted or substituted in the 4-position by a cyano, a methyl, or a methoxy group (Table 1; the quinolinium salts are indicated by a prime). The effects of substitution, temperature, additives, and solvent properties on the absorption and emission characteristics of the trans isomers and the quantum yields of fluorescence (</> f ) and of trans -*• cis photoisomerization (0t_ c ) were studied. The effect of temperature on the formation and decay of a triplet was studied by laser flash photolysis. On the basis of the results a singlet mechanism is suggested for the cis trans photoisomerization of the stilbazolium salts examined.
Experimental

Apparatus and Procedures
Steady state irradiation measurements and the determination of 0 t _ c were performed according to previous work [17] [18] [19] using the aberchrome 540 or the ferrioxalate actinometers [25, 26] . Corrected fluorescence emission and excitation spectra at 25 and -196 °C were recorded on a computer controlled Spex-Fluorolog which was equipped with a photon-counting detection system [27] , Temperature-dependent fluorescence spectra were recorded on a spectrofluorimeter (Perkin Elmer, MPF2A) [28] , 9,10-Diphenylanthracene was used as a fluorescence standard (</> f = 1.0 in ethanol at -196 °C) [29] , Since trans -»cis photoisomerization during the fluorescence measurements influences the determination of cj) f , fresh solutions were irradiated for the shortest time periods possible. The samples were handled under red light and the absorption was measured prior to and after irradiation. Generally, less than 5% of the trans isomer was converted to cis during a fluorescence measurement. The spectra were recorded in air-saturated solutions since oxygen has no discernible effect on (f) { : this was checked in ethanol solutions at 25 °C for the compounds showing the largest </ > f values (e.g. 4d and 4'a). The laser flash photolysis set-up has been described in previous work [18, 28, 30] . For excitation at 353 nm the third harmonic of a Nd-laser (J. K. Lasers) was used. Excitation at 308 nm was carried out by using an excimer laser (Lambda Physik). For </>,_,; and laser measurements the samples were purged with argon.
Materials
Trans isomers of la, l'a, 2'a. and 4'a were prepared as described elsewhere [14, 31] . The other quaternary stilbazolium iodides are of commercial origin (EGA) and were purified by recrystallization from methanol-water; the Perchlorates (index b) were prepared from the corresponding iodides by treating with AgC10 4 [14] , Cis isomers of 2a and 2'a were prepared from trans-4-azastilbene and l-methyl-4-styrylquinolinium, respectively, by irradiation, separation on an alumina column and quaternization [14] . Cis isomers of la and 4a were separated by HPLC on a column nucleosil 18/5 mm using a 2:3 mixture of methanol and triethylammonium acetate in water at pH 3.5 as eluant. Melting points of the trans isomers (in °C): la (282-285), lb (260-264), 2a (222-224), 2b (196) (197) (198) (199) (200) (201) , 2c (190) (191) (192) , and I 39.3 (40.8). 9,10-Diphenylanthracene (EGA) and azulene (Aldrich), were used as received; biacetyl (EGA) was purified by fractional distillation and ferrocene (Merck) was recrystallized. Solvents (Merck) were spectrograde or purified by distillation and checked for absorbing or fluorescing impurities.
Results
Trans -• cis photoisomerization
The absorption spectra of trans isomers in methanol solutions at room temperature before and after irradiation are shown in Fig. 1 for three typical examples (2a, 4a, and 4'a). The absorption maximum of the trans isomer (z t ) is displaced to longer wavelengths by introduction of a methoxy group and, in addition, by replacing the pyridinium ring by the quinolinium ring (/, = 345, 382, and 429 nm for 2a, 4a, and 4'a, respectively). The maxima of the photoproducts, which have smaller molar absorption coefficients (e c ) than those of the trans isomers (£ t ), are slightly blue-shifted. The absorption spectra show isosbestic points (/.j = 290. 300, and 342 nm. respectively) and reach a photostationary state within a few minutes of irradiation. This indicates a clean transcis photoisomerization with no discernible side reactions in agreement with previous work [12, 17, 18] .
A similar behaviour was also found for the other compounds in polar solvents (Tables 2 and 3 on going from tetrahydrofuran to chloroform and dichloromethane and decreases on increasing the solvent polarity further, as illustrated for 2 and 4' ( Table 2) . In polar solvents variation of the concentration (e.g. 
Effects of solvent and temperature on 0 t -»c
Values for the percentage of cis in the photostationary state (% (cis) s ), c , and </> c -t > using several solvents and irradiation wavelengths (z irr ), are listed in Tables 2 and 3 . To varying degrees, depending on the substituents, the anion, z irr , additives, and solvent properties, the position of the photostationary state lies between ~ 10 and ~88% cis. The effect of solvent on </> t _* c is shown for two examples (2 and 4', Table 2 ). For 2 a 0 t _ c and (% cis) s increase with increasing the solvent polarity (expressed by the £7 (30) parameter [23] ). The effect is similar for 4'a but absent (or smaller) if the anion iodide is replaced by the Perchlorate (2b and 4'b) . For iodides, values of </> t _ c and (% cis) s are generally smaller in solvents of moderate polarity (e.g. dichloromethane) than in polar solvents (e.g. methanol, Table 3 ). Introduction of a methoxy group (4a-4c and 4') or of two methoxy groups (4d) reduces </> t _ c slightly. Replacement of the pyri- _1 were analyzed by using the equation We assume that only one thermally activated step is involved (/l t exp(-£ t _ c //?r)) on the route from an excited trans to an excited twisted configuration and that the fraction (1 -ß) decaying from the latter state to the cis form is independent of temperature. The activated twisting step competes with the decay in the trans configuration, which is measured by the parameter B. In this analysis nothing is assumed about the nature of the states involved (see Discussion). Values for B and the activation energy (£ t ->c) are listed in Table 4 .
Sensitized trans -*• cis photoisomerization
In order to avoid direct irradiation into the absorption spectra of the stilbazolium salts, which extend to at least 400 nm, biacetyl was used as sensitizer. Upon sensitized excitation in argon-saturated aceto- No. Solvent E v fa measure-</> t _ c measurements ments s c ~ 0.4 was estimated for la, lb, and 2a. Similar measurements with stilbazolium salts which are substituted by a methoxy group are hampered by the fact that direct and sensitized excitation cannot be fully separated. Therefore, in a second procedure acetone was used as a sensitizer; in a mixture of acetone-acetonitrile (1:5) less than 10% of the incident light (A irr =290 nm) is absorbed by the stilbazolium salt. Also under these conditions sensitized trans -• cis photoisomerization in substantial yield was observed (e.g. for 2 a, 3a. 4a, and 4'a).
Fluorescence spectra
The emission spectra of trans isomers are shown in Fig. 4 for 2a and 4'a in ethanol solutions at 25 and -196°C. At room temperature the emission spectra are unstructured and show nearly a mirror image to the absorption spectra, which coincide with the corrected excitation spectra. On irradiation of a trans isomer (e.g. of la-4a at /. m = 366 nm) the emission intensity decreases corresponding to the reduction of the absorption of the isomer mixture. These findings are in line with the general observation for stilbene-like molecules that only the trans isomers exhibit fluorescence [6, 7, 18, 33] , The emission cannot be attributed to phosphorescence since the intensity is not discernibly quenched by oxygen (e.g. 2 a or 4 a in methanol) and its lifetime is not longer than the pulse width of the laser 10 ns) throughout. We therefore conclude that the emission originates from the first excited singlet states of the trans form. For 2a, 4a, 2'a, and 4'a in glassy ethanol at -196°C fluorescence lifetimes (r s ) of 1.5-2.5 ns were determined with a photon counting apparatus.
The fluorescence maximum (/ f ) exhibits a marked dependence on substitution at the styrene ring. (Tables 5 and 6 ). Similar to /. t , Af is practically independent of the anion (I~, Br~, and CIO4) but in contrast to x t ( Table 2 ) the nature of the solvent has only a small effect on / f ( On going to -196°C the fluorescence spectra become partly structured and the values for A f are blue-shifted throughout (Fig. 4 and Table 5 ). This blue-shift may be explained by a hindrance of reorientation of the solvent shell around the excited molecule at high viscosities. The effect of viscosity rather than temperature is indicated by the fact that /.f changes markedly only at low temperatures (e.g. below -140 °C for 2 a) where the viscosity increases strongly. In glassy media the fluorescence occurs most likely from the non-relaxed Franck-Condon 
Effects of solvent and temperature on fa
In ethanol solutions at room temperature fa ranges between 1 x 10 -3 (la) and 0.09 (4d). fa shows an increasing trend in the order R 4 = CN, H, CH 3 , OCH3 (Table 5 ) and on going from P-type to Q-type compounds. In polar solvents 1-3, which fluoresce only weakly, exhibit nearly the same fa values for iodides and Perchlorates. However, in solvents of moderate polarity fa is generally smaller for iodides than for Perchlorates. For a given iodide fa tends to increase on increasing the solvent polarity as shown for 2a, 4a, and 4'a (Table 6 ). For Perchlorates fa is less solvent dependent as indicated by the comparison between dichloromethane and ethanol. fa is reduced by addition of ferrocene (but not oxygen); for 4b and 4'b in methanol solutions Stern-Volmer constants of about 20 M -1 were obtained.
At -196 °C fa reaches values close to unity for all stilbazolium salts examined ( Table 5 ). The temperature dependence of fa is shown for typical examples in E-M (Fig. 2) and M-D (Figure 3) and E v = 3.0 kcal/mol were obtained for 2 a in E-M. Similar activation energies were found for several other iodides (Table 4) . For the Perchlorates E y is only slightly dependent on the solvent polarity (see 2 b in M-D versus E-M). Differences in 0f are mainly determined by A v rather than by k f and E v .
The fluorescence lifetime r § -fa/kf was estimated from (f) f values and data of absorption and fluorescence spectra in ethanol at 25 °C by using the equation [35] k f = 2.9 x 10 -9 Vm j e t d v,
where v m is the fluorescence maximum (in cm" 1 ). In a second approach r s was estimated from the ratio T(-196 °C is indicated by 0) thereby assuming that k { is independent of temperature. From both methods r s values of about 3 and 60 ps were calculated for the two extreme cases 2 a and 4'a, respectively.
Thermal cis ->• trans isomerization
Stilbazolium salts of Q-type structure exhibit thermal cis -• trans isomerization in solution at room temperature [13, 14] , However, cis isomers of P-type structure are thermally stable at room temperature in most cases. This points to a somewhat higher activation barrier and/or a larger preexponential factor for the P-type as compared to Qtvpe compounds. For the former thermal cis -> trans isomerization was observed at 25 °C within several hours only in solvents of moderate polarity. Replacement of an iodide by the Perchlorate prolongs the half-life (t U2 ) of the cis isomer [14] , For example, 2 a in chloroform is thermally reversible (t\/10 h) but the Perchlorate (2b) exhibits no discernible cis-»trans isomerization. In tetrahydrofuran even 2 b shows cis -• trans isomerization (/1/2 ~ 20 h) whereas 2 a shows an irreversible darkreaction.
Laser flash photolysis
For 2 a at low concentration (< 10 -4 M) in polar solvents (e.g. acetonitrile and aqueous solutions) at 500 600 700 \ (nm) Fis. 5. Transient absorption spectra of 2 a (oo), 2'a (••), and 4'a (AA) in E-M at -170°C 100 ns after the laser pulse (/. exc = 353 nm). room temperature no transient was observed between 400 and 800 nm immediately after the laser pulse (/. exc = 353 nm). Under these conditions no transient could be recorded also for the other compounds between the trailing edge of the absorption spectrum and 800 nm, cf. [17] . However, a transient (Tr T ) was observed in E-M solutions at low temperatures. Typical absorption spectra with / max between 460 and 660 nm are shown in Figure 5 at temperatures below / 0 ~ 160 °C (Table 7) . From the Arrhenius plot between f m and t 0 an activation energy of 3.8 kcal/mol and a pre-exponential factor of 2x 10 10 s _1 was determined for Tr T of 4'a in E-M. The 308 nm line of an excimer laser was used to estimate the upper limit of the time duration of cis -> trans photoisomerization at room temperature. For shifting the photostationary state to the trans side a 353 nm pulse is unfavourable for most compounds since (% cis) s is rather high at A irr = 366 nm (see Table 3 ). On the other hand, an excitation wavelength of ^ 265 nm should not be used in order to avoid photoionization (e.g. of I -) [19] .
Because of the lack of sufficient amounts of pure cis, a cis/trans mixture containing about 80% cis was prepared by excitation of 2 b in acetonitrile at 353 nm. A decrease of zJOD 340 immediately after the laser pulse, which is marked by the fluorescence signal (inset (a) of Fig. 7) indicates that trans -> cis photoisomerization occurs within 20 ns since in this spectral range e c is smaller than e t (Figure 1 ). The photostationary state is reached under our conditions (irradiated volume ~ 0.3 cm 3 ) after about 20 flashes. Changing z exc to 308 nm shows an increase of z)OD 340 (inset (b)) immediately after the laser pulse, reaching a new photostationary state after repeated flashing, as indicated by no further change in % cis and JOD 340 (inset (c)). This result and those from similar experiments carried out with several other compounds (e.g. 4a, l'a, and 4'a) at appropriate wavelengths, suggest that cis trans photomerization is faster than 20 ns.
Discussion
Classification of the stilbazolium salts
The compounds examined here (Table 1) are quaternary salts of styrylpyridinium or styrylquino-linium (types P and Q, repeetively) which are parasubstituted at the styryl ring (by R 4 = CN. H, CH 3 , or OCH 3 ) and at the quaternary N-atom (by R 4 = CH 3 " (4'c) . The properties of cis trans photoisomerization depend on the substituents, the anion, solvent properties, and on several other parameters, e.g. temperature, wavelength of irradiation, and additives. In contrast to the thermal cis -> trans isomerization (see Results) no evidence was found for a generally different photochemical behaviour when the stilbazolium salts carry either a pyridinium or a quinolinium ring.
The stilbazolium salts may be classified into three groups: One group contains molecules, which are 4-substituted at the styrene ring by CN, H, CH 3 , or OCH 3 (this work). As outlined in the following trans -» cis photoisomerization in this group occurs via a singlet mechanism thoughout. This justifies a common treatment of these compounds. A second group is constituted by stilbazolium salts, which are 4-substituted by a dialkylamino group [20] and a third group by those which are 4-substituted by a nitro group [17] [18] [19] . While molecules of the former group show virtually no trans -• cis photoisomerization those of the latter exhibit trans-> cis photoisomerization mainly via the triplet state. Within one group the stilbazolium salts show more or less similar photochemical features. The differences between the three groups may be accounted for mainly by different deactivation pathways of the First excited trans singlet state.
Free ions and ion pairs
On the basis of conductivity measurements Güsten and Schulte-Frohlinde have previously shown that the ground state of trans-4'a is fully dissociated in alcohols and water and forms an ion pair in solvents of moderate polarity [14] , The absorption spectra of the trans isomers of the Perchlorates are very similar, when present either as free ions or as ion pairs. In dichloromethane A t depends slightly on the concentration and decreases generally on increasing £7 (30) ( Tables 2 and 3 ). These observations, as well as the small effect of solvent polarity on the fluorescence properties (/. f and 0 f ) point to the likelyhood that the ion pair is loosly bound. However, the marked effect of solvent polarity on for the case of iodides (see below) is in agreement with the assumption that the ions of all compounds examined are fully dissociated in polar solvents at low concentrations (< 10 -4 M) and form ion pairs in the solvents of moderate polarity (£ T (30) ^42 kcal/mol) examined (Fig. 8) , cf. [18] [19] [20] . Whether the ion pairs are solvent separated or not is an open question.
In polar solvents (protic and non-protic) at room temperature is substantial throughout (Tables 2  and 3 I~ (la, 2a, 4a, and 4'a) . For R 4 = N0 2 (P and Q type) a similar effect has already been explained by an electron transfer step from the iodide to the cation in the excited trans singlet state of the ion pair [19] . A similar mechanism, including a solvent dependent equilibrium between dissociated free ions and the ion pair is also proposed for the stilbazolium salts examined (Figure 8 ).
The smaller </> t^c values for the iodides (as compared to the Perchlorates) in solvents of moderate polarity may be accounted for by photoinduced electron transfer in competition to trans -> cis photoisomerization. Because of the higher oxidation potential of CIO4 electron transfer is not expected in this case, cf. [19] , Assuming that the ion pairs are formed to the same degree, the results indicate that electron transfer is more effective for pyridinium than for quinolinium iodides (Tables 2 and 3) . Quenching of 0 t _ c by is most pronounced for molecules which are substituted by the electron accepting group (cyano), and the effect is smaller for the donating methoxy group (Tables 2 and 3 ). This is supported by the observation of a second transient, which is assigned to the radical A*. A" appears in those cases where 0 t _ c is reduced, e. These phenomena will be discussed elsewhere [37] ,
Triplet state
The transient Tr T , which was observed in E-M at low temperatures ( Fig. 5 and Table 7) , is assigned to the lowest triplet state. For 1 a evidence for the triplet nature of Tr T has already been presented [17] . For several other compounds the temperature dependences of the lifetime (t T ) and the relative yield (far 1 ) of the triplet are similar to those of 1 a.
On decreasing the temperature (i.e. increasing the viscosity) fa and r T increase ( Figure 6 ). The temperature dependence of r T is similar to that of the triplet of 4-nitrostilbazolium salts [17, 18] . However, in contrast to the latter case, fa is small for the salts examined here. A low fa value is in agreement with fa values close to unity at -196 °C (Table 5 ). Tr T is more specifically assigned to the trans configuration ( 3 *Af) since fa^c is practically zero below -170 °C ( Figure 2 [15, 16] , Thirdly, the cis isomer is formed within 20 ns whereas a triplet lifetime of 50-200 ns has been reported for R 4 = N0 2 [17, 18] . We therefore conclude that the lowest triplet is not involved in the trans -> cis photoisomerization pathway of the stilbazolium salts examined here.
Trans -• cis photoisomerization in polar solvents
For the mechanism of trans -> cis photoisomerization in polar solvents two possibilities exist: Twisting about the C=C double bond may occur either in the first excited singlet or in an upper excited triplet state. In the latter case, twisting followed by internal conversion should lead to the lowest twisted triplet state ( 3 *Ap). A pathway bypassing the lowest triplet is rather unlikely. If, in analogy to 4-nitrostilbazolium salts a 3 *At 3 *Ap equilibrium with a lifetime of longer than 20 ns is anticipated [17, 18] , the upper excited triplet pathway should lead to formation of 3 *A+ in substantial yield. However, 3 *A+ could only be observed at low temperatures (e.g. below t m = -133°C for la) where twisting about the C=C double bond is hindered by the high viscosity. We therefore suggest that the twisting process occurs in the first excited singlet state. The scheme for trans cis photoisomerization of the stilbazolium depicted in Fig. 8 is analogous to that of a series of 4-R-stilbenes (R = H, OCH 3 , CN) [29, 34] .
The singlet mechanism is supported by the analysis of the temperature dependences of fa^c and fa, indicating that trans cis photoisomerization and fluorescence are competing processes. Since the activation energies, obtained from the former and latter measurements (£ t -c and Ff, respectively), are the same within experimental error, the activated step is assigned to twisting from the planar ('*Af) to the twisted ('*Aj) excited singlet configuration. This is in agreement with an /4-factor of approximately 10 13 s"', as estimated from AJkf -(1 -10) x 10 4 ( (Table 4) .
Trans -»• cis photoisomerization in solvents of moderate polarity
As shown in Fig. 8 the singlet mechanism is also proposed for the case of the ion pair (Af...X~) due to the following: Since fa^c is substantial for Perchlorates in solvents of moderate polarity, electron transfer should not markedly compete with trans -> cis photoisomerization. On the other hand, flourescence and trans -• cis photoisomerization are competing processes, as indicated by the similarity E v = E t^c (within experimental error) in M-D (Table 4) . Obviously, the Perchlorate is only weakly bonded to the cation, since the photophysical features of Af are only slightly changed (see Tables  2-6 ). The fluorescence properties even for (Af...I~) are not much different from those of Af. The maximum changes in fa (a factor of about 3) for 1 a may be compared with the much greater changes in 0 t _ c (a factor of about 20) (Tables 2, 3 , 5, and 6). In a simple approach (assuming that only '*Af is quenched) the reduction of fa and 0 t _ c by in the ion pair should be similar. One possible explanation for the discrepancy is that the electron transfer process occurs not only from the fluorescing ('*Af...r) state. If an additional state in the trans -• cis pathway is involved the reduction of fa-+ c should be larger than that of fa.
Cis -> trans photoisomerization
With our mixtures containing about 80% cis no indication of a new fluorescence, which could be attributed to the cis form, was found (e.g. for la or 4'a in methanol at room temperature). </> c _ t is substantial in polar solvents (Table 2 ) and also for Perchlorates in solvents of moderate polarity, since 0 t _ c and (% cis) s are practically independent of solvent polarity (Tables 2 and 3 ). This indicates that internal conversion at the cis side is of minor importance and that the excited cis singlet state interconverts rapidly to the perpendicular configuration. Since the trans ground state is formed from cis rich solutions within the duration of the laser pulse ( Fig. 7) we suggest that '*Af decays rapidly to Af via the twisted ground state (Af). The proposed pathway is analogous to the case generally accepted for phenylethylenes and their aza analogous [6, 33] ,
